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In t roduct ion  , 
This paper i s  a  review of cu r ren t ly  ava i l ab le  information on. the  photom- 
e t r y ,  polarimetry,  and narrow-band spectrophotometry of Titan.  I t  i s  convenient 
t o  divlde the  discussion i n t o  f i v e  major ca tegor ies :  
(1) Brightness and co lo r  as  a function of o r b i t a l  pos i t i on ,  
(2)  Brightness and co lo r  as  a function of s o l a r  phase angle, 
(3) Geometric and Bond albedo, 
(4) Reflectance as  a function of, wavelength, 
(5) Polar iza t ion  as a function of s o l a r  phase angle. 
These top ic s  are  d e a l t  with i n  tu rn  i n  t h e  next f i v e  sec t ions .  The f i n a l  
s ec t ion  contains conclusions and a summary of the  b e s t ,  cu r ren t ly  ava i l ab le  da ta .  
Brightness and Color: Orbi ta l  pos i t ion  Dependence 
Titan revolves about Saturn once every 16 days. Or ig inal ly  Pickering 
(1913) announced a va r i a t ion  i n  br ightness  o f  0.24 magnitude with t h i s  period.  
Harr is  (1961), however, conclusively showed t h a t  t h i s  reported va r i a t ion  is  
spurious and i s  due t o  e r r o r s  i n  t h e  magnitudes assigned t o  comparison s t a r s .  
H i s  own measurements a t  McDonald showed no d e f i n i t e  v a r i a t i o n s  within k0.08 
magnitude i n  the  V. Nevertheless, v i sua l  observers occasionally repo-t semi- 
permanent markings on Titan ( f o r  example, Lyot, 1953) suggesting t h a t  b r igh t -  
ness  va r i a t ions  may occur. 
Accordingly, UBV observations of Titan were ca r r i ed  out on 14 n igh t s  
during t h e  1968-69 opposit ion with t h e  Harvard 16" r e f l e c t o r  (Veverka, 1970). 
A t  t h i s  s t age  it was assumed t h a t  t he  br ightness  and colors  do not  change 
s i g n i f i c a n t l y  with s o l a r  phase angle. Nine of the  observations were obtained 
during one revolution of Titan about Saturn:  from January 9 t o  January 17, 
1969. During t h i s  time the  s o l a r  phase angle changed only from 6'. 1 t o  6O.0. 
In the  V, no va r i a t ions  i n  br ightness ,  r e l a t e d  t o  o r b i t a l  pos i t i on  were found 
i n  excess of k0.04 magnitude. To about t h e  same degree of accuracy h o  var ia-  
t i o n s  i n  the  (B-V) and (V-B) colors  were de tec ted .  
S imi l a r  conclusions a re  reported by Blanco and Catalano (1971). The 
s c a t t e r  i n  t h e i r  V measurements i s  s l i g h t l y  smal ler  than t h a t  quoted above but  
t he  s c a t t e r  i n  t h e i r  (B-V) and (U-B) measurements is  g rea t e r .  Again, McCord, 
Johnson and E l i a s  (1971) found no change i n T i t a n l s  br ightness  with o r b i t a l  
phase a t  0.56 um. 
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A recent  j o i n t  p ro j ec t  between the  Universi ty o f  Hawaii and Cornell 
Universi ty y ie lded high qua l i ty  photometry of Ti tan  a t  s i x  wavelengths (Noland 
e t  a l . ,  1973). Su f f i c i en t  observations were obtained t o  permit a separa t ion:  
-- 
of br ightness  changes due t o  o r b i t a l  pos i t i on  from those due t o  changes i n  the  
s o l a r  phase angle. No evidence f o r  br ightness  va r i a t ions  was de tec ted  a s  i s  
apparent from the  da t a  presented i n  Table 2-2. S imi lar ly ,  t hese  da ta  do not  
show any color  changes r e l a t e d  t o  o r b i t a l  pos i t i on .  
The conclusion i s  t h a t  i f  sho r t  term changes i n  t h e  br ightness  of Ti tan  
occur, t h e i r  amplitude does not  exceed t0.02 magnitude, and they are  not  r e -  
l a t ed  t o  T i t an ' s  o r b i t a l  pos i t i on .  The p o s s i b i l i t y  of  long term (secular )  
changes i s  considered i n  Section 3. 
I f  the  atmosphere of Ti tan  is o p t i c a l l y  t h i c k ,  we would not  expect any 
va r i a t ions  i n  br ightness  with o r b i t a l  pos i t i on .  If t h e  atmosphere i s  o p t i c a l l y  
t h i n ,  then t h e  d i s t r i b u t i o n  of surface  br ightness  must be q u i t e  homogeneous, 6 
unl ike  t h a t  of o the r  Saturn s a t e l l i t e s  and of t h e  Galilean s a t e l l i t e s  o f  Jup i t e r .  
The absence of e s t ab l i shed  co lo r  changes s e t s  l i m i t s  on the  extent  and cont ras t  
of t h e  atmospheric changes reported by some v i sua l  observers. 
Brightness and Color: Phase Angle Dependence 
Important information about Ti tan  can be obtained by measuring t h e  pha:e 
coe f f i c i en t s  a t  various wavelengths. A t  small phase angles a smooth su r face  
o r  a t h i ck  Rayleigh atmosphere w i l l  have an imperceptible phase c o e f f i c i e n t  
(perhaps .002 mag/deg). A microscopically rough surface  with no overlying 
atmosphere ( l i k e  t h a t  of  t h e  Moon) w i l l  have an appreciable phase coe f f i c i en t  
(say 0.025 mag/deg). 
Since the  br ightness  of Ti tan  i s  independent of  i t s  o r b i t a l  pos i t i on ,  i t s  
apparent magnitude, reduced t o  mean opposit ion d is tance  (Harris ,  1961), can b e  
expressed as  : 
where: a .  = phase angle, 
m = magnitude a t  opposit ion,  
0 
8 = phase coe f f i c i en t  i n  u n i t s  o f  mag/deg. 
The phase coe f f i c i en t s  f o r  Ti tan  from the  Hawaii-Cornell photometry a re  
l i s t e d  i n  Table 2-3 and are  shown i n  Figure 2-16. The only o the r  determination 
of a phase coe f f i c i en t  i s  by Blanco and Catalano (1971). Although these  authors 
f i t  t h e i r  da t a  t o  a quadra t ic  expression i n  a ,  a  l i n e a r  equation y i e lds  a n ,  
equally good f i t  with B(V)  = 0.006 + 0.001. This value of t he  phase coe f f i -  
c i e n t  i s  i n  good agreement with t h e  Hawaii-Cornell data.  
Table 2-2. Orbi ta l  Brightness and Color Solar  Phase Angle Dependence 
* Upper l i m i t s  on probable amplitudes. 
WAVELENGTH 
u (0.35 urn) 
v (0.41 urn) 
b (0.47 pm) 
Y (0.55 vm) 
R '  (0.63 urn) 
I' (0.75 pm) 
Table 2-3 .  Phase Coeff ic ients  of  Ti tan  (Noland e t  a l . ,  1973) 
AI,IPLITUDE (MAG)* 





















PHASE COEFFICIEI'4T (HAGIDEG) 
0.014 + 0.001 
.- 0.010 2 0.001 
0.006 + 0.001 
0.005 + 0.001 
0.002 + 0.001 
0.001 c 0.001 
TITAN 
Figure 2-16. The wavelength dependence of T i t an ' s  phase coe f f i c i en t .  Af ter  
Noland e t  a l . ,  1973. 
-- 
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The information i n  Figure 2-16 can be used t o  s e t  l i m i t s  on poss ib l e  
Ti tan  models. Opt ica l ly  th i ck  Rayleigh s c a t t e r i n g  atmospheres can immediately 
be excluded, as can models i n  which most of  t h e  l i g h t  comes from a s o l i d  sur-  
face (Noland e t  a l . ,  1973). Furthermore l i m i t s  can a l so  be imposed on allow- 
able  cloud models (M. Noland, work i n  progress) ,  using methods s i m i l a r  t o  those  
used by Arking and Po t t e r  (1968) i n  t h e  case of Venus. 
Geometric and Bond Albedo 
Four determinations of t h e  mean opposi t ion  magnitude of Ti tan  i n  t h e  V 
a r e  l i s t e d  i n  Table 2-4. The values agree t o  f0.02, but a s l i g h t  s ecu la r  
brightening between 1961 and 1971 i s  poss ib le .  In  what follows we adopt t he  
Harr is  va lues  of t h e  UBV colors  s ince  they agree with o the r  determinations.  
Thus we have (B-V) = +1.30 and (U-B) = +0.75 reduced t o  mean opposit ion.  
The corresponding values of t he  UBV geometric albedos given by Harr is  
(1961) a re  s t i l l  v iable :  pu = 0.06; pg f 0.12; pv = 0.21. The low value of 
t h e  geometric albedo i n  the  U p laces  a l l m i t  of  ~ ( 0 . 3 6  pm) 2 0.16 on the  o p t i -  
c a l  depth of any pure Rayleigh s c a t t e r i n g  atmosphere. This upper l i m i t  can be 
lowered considerably using the  OAO-2 observations o f  Caldwell e t  a l .  (1973) 
who repor t  p (0.26 pm) = 0.05. This t r a n s l a t e s  i n t o  ~ ( 0 . 3 6  pm) ( 0.04. 
Younkin has repor ted  (p. 154) new measurements of T i t a n ' s  geometric 
albedo between 0.50 and 1.08 pm. The maximum value i s  sa id  t o  be-0.37 a t  
0.68, 0.75 and 0.83 pm. By assuming an e f f e c t i v e  phase i n t e g r a l  q = 1.3,  
cons i s t en t  with a cloudy atmosphere, he es t imates  t h e  bolometric Bond albedo 
t o  be 0.27. 
There i s  a d i f f i c u l t y  with the  geometric albedo information beyond 0.6 pm 
which must be noted. Harris  (1961) gives broad-bwd values o f  0.32 i n  t h e  R 
(0.69 pm) and 0.27 i n  the  I (0.82 pm) , whereas Younkin (1973) quotes narrow- 
band values of 0.37 near  t hese  wavelengths. That t he  values of Harr is  a r e  lower 
i s  cons is tent  with h i s  use of broad f i l t e r s  i n  a spec t r a l  region of deep absorp- 
t i o n  bands. McCord e t  a l .  (1971) at tempt t o  r e l p t e  t h e i r  narrow band measure- 
ments t o  the  V measurement of Harr is .  I f  t h e i r  t r a n s f e r  r e l a t ionsh ip  were 
accepted, t h e i r  d a t a  would imply narrow-band geometric albedos a t  0.68 and 
0.82 pm of about 0.27 and 0.21, respect ive ly ,  i n  disagreement with both Harr is  
and Younkin. 
Spect ra l  Reflectance of Ti tan  
McCord e t  a l .  (1971) measured t h e  s p e c t r a l  ref lec tance  of Titan from 0.3 
t o  1 .1  pm (Figure 2-17) and found it remarkably s i m i l a r  t o  t h e  spectrum of 
Sa tu rn ' s  equa to r i a l  b e l t .  Large methane absorption bands a re  present  i n  both 
spec t r a  beyond 0.6 Urn, and both spec t r a  show s teep  drop-offs from 0.6 t o  0.4 um. 
The s i m i l a r i t y  of t he  s p e c t r a  outs ide  the  methane bands suggests  t h a t  t h e  mate- 
r i a l  causing t h e  colora t ion  o f  t he  bands of Saturn i s  present  on Ti tan  as  well .  
Below 0.4 pm McCord e t  a l .  f i n d  t h a t  t he  s p e c t r a  d i f f e r  appreciably.  The u l t r a -  
v i a l e t  turnup i n  Saturn ' s  spectrum, probably due t o  a s i g n i f i c a n t  Rayleigh s c a t -  
t e r i n g  component, i s  absent i n  the  Ti tan  spectrum. Recent measurements by Caldwell 
e t  a l .  (1973) down t o  2600 A, and by Barker and Trafton (1973) between 3000 and 
- -0 
4350 A confirm t h a t  Titan is dark i n  the  UV. More recent  s p e c t r a l  r e f l ec t ance  
measurements between 0.5 and 1.08 pm have been reported by Younkin (19.73), but  
have not  been published i n  f i n a l  form. 
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Table 2-4. Mean, Opposition Magnitudes o f  Titan 
Figure 2-17. The s p e c t r a l  r e f l ec t ance  curve of Ti tan  compared wi th  t h a t  of 
Saturn ' s  equa to r i a l  b e l t ,  sca led  t o  un i ty  a t  0.56 pm. Af t e r  
McCord e t  a l .  (19711. Reprinted from The Astrophys. J . ,  165: 
--
422, with,permission of The Universi ty of Chicago Press.  
O 1971. The Univers i ty  of Chicago. A l l  r i g h t s  reserved.  
Pr in ted  i n  U.S.A. (The turn-up of t he  T i t an  spectrum a t  0.3,um 
is probably spuriotls .) 
Polar iza t ion  Phase Angle Dependence 
Veverka (1970; 1973) measured t h e  d isk- in tegra ted  po la r i za t ion  o f  Titan 
i n  white l i g h t  a t  phase angles ranging from 0°.4 t o  6O.1 during t h e  1968-69 
opposit ion.  The observed po la r i za t ion  was small ,  but p o s i t i v e  throughout t h i s  
i n t e r v a l .  By combining t h i s  f a c t  with Ti tan ' s  low geometric albedo i n  the  U, 
t h e  observations suggest a model i n  which an o p t i c a l l y  t h i n  Rayleigh atmosphere 
ove r l i e s  an opaque cloud deck. 
The observations are  shown i n  Figure 2-18. Note t h a t  Titan i s  i n t r i n s i -  
c a l l y  dark having geometric albedos o f  6 ,  12, and 20% i n  t h e  U ,  B, V ,  respec- 
t i v e l y  (Section 3). Polar iza t ion  curves o f  s o l i d  surfaces  which are  t h i s  dark 
tend t o  have well-defined negat ive  branches a t  small phase angles,  unless  those  
surfaces  a re  unusually smooth -- and t h e r e  i s  no reason t o  expect any p lanetary  
surface  t o  be o p t i c a l l y  smooth. Only f o r  surfaces  having very high r e f l ec t ances  
(say g rea t e r  than 50%) does t h e  negative branch disappear and t h e  po la r i za t ion  
curves begin t o  resemble t h a t  of  Titan.  (The disappearance o f  t he  negative branch 
i s  r e l a t e d  t o  the  f a c t  t h a t  mul t ip le  s c a t t e r i n g  within t h e  surface  achieves a dom- 
inan t  ro l e . )  
However such b r igh t  mater ia ls  cannot explain the  po la r i za t ion  curve of 
Ti tan ,  s ince  the  geometric albedo of Titan i s  very low: about 20% i n  the  v i s -  
i b l e ,  and not  60%! 
I 
I t  i s  i n s t r u c t i v e  t o  compare the  po la r i za t ioh  curve of Pi tan  with those 
of t h e  Moon, Mars, and Saturn (Figure 2-18). The comparison with Mars i s  es-  
p e c i a l l y  i n t e r e s t i n g  s ince  Mars is  s i m i l a r  t o  Titan i n  both color  and albedo. 
(According t o  Harr is ,  1961, t h e  geometric albedos f o r  Mars a re  5,  8, and 15% 
i n  the  U, B,  and V, respect ive ly .  The corresponding values f o r  Titan are  6,  
12, and 21%.) We know t h a t  Mars has an o p t i c a l l y  t h i n  atmosphere, and the  
po la r i za t ion  t h a t  we see  i n  the  v i s i b l e  i s  t h a t  of  t h e  r e l a t i v e l y  dark Martian 
surface .  The po la r i za t ion  curve of Ti tan  i s  q u i t e  d i f f e r e n t ,  and i n  f a c t  
bears a s t rong  resemblance t o  t h a t  of  Saturn,  a p lanet  which c e r t a i n l y  has an 
o p t i c a l l y  th i ck  atmosphere. 
Veverka (1973) discussed t h r e e  a p r i o r i  poss ib le  Titan models shown i n  
Figure 2-19. Model I has an o p t i c a l l y  t h i n  Rayleigh atmosphere (with poss ib ly  
an occasional  cloud) above the  t r u e  surface  o f  Titan.  Since the  geometric 
albedo o f  Titan i s  low, the  surface  must i n  t h i s  case be dark,  and we should, 
as i n  the  case of Mars, s ee  negative po la r i za t ion  a t  very small  phase angles 
(unless t h e  surface  o f  Titan i s  unusually smooth, which seems q u i t e  unl ike ly) .  
Since the  observed po la r i za t ion  i s  on t h e  cont rary  always p o s i t i v e ,  Model I 
can be el iminated.  
E i the r  of  t h e  two remaining models can explain t h e  observed po la r i za t ion  
curve. In Model 11, we have an o p t i c a l l y  th i ck  Rayleigh atmosphere (again,  with 
poss ib ly  occasional  clouds).  Calculat ions by Whitehil l  (1971) p red ic t  a disk- 
i n t eg ra t ed  po la r i za t ion  of about +0.3% a t  a phase angle of 6' f o r  t h i s  case, 
which ,is compatible wi th  the  observations.  However Model I 1  is e a s i l y  r e j ec t ed  
on photometric grounds. Since the  geometric albedo of Titan i n  the  U i s  only 
6%, the  t o t a l  o p t i c a l  th ickness  of any Rayleigh atmosphere cannot exceed ~ s 0 . 1 6  
(Evans, 1965). I n  f a c t ,  t h e  value of p(0.25 um) = 0.05 found by Caldwell e t  aZ. 
(1973) reduces t h i s  upper l i m i t  t o  ~ ( 0 . 3 6  urn),< 0.04. .This c e r t a i n l y  i s  not 
o p t i c a l l y  th i ck  and Model I1 must be r e j e c t e d . .  
P TITAN (1968-69) 
Figure 2-18. Titan measurements'compared with polarization curves of the 
Moon, Mars and 'Saturn in integrated white light (Veverka, 1973). 
The Saturn measurdments were made at the center of the disk 
and were found to be slightly variable from year to year. 
After Veverka (1973). Reprinted from Icarus, E : 6 5 9 ,  with per- 
mission of Academic Press, Inc. Copyright @ 1973 by Academic 
Press, Inc. All rights or reproduction in any form reserved. 
Figure 2-19. Schematic representation of three models of the Titan atmosphere: 
(I) optically thin Rayleigh atmosphere (RA); (11) optically 
thick Rayleigh atmosphere; (111) optically thick cloud deck. 
After Veverka (1973). Reprinted from Icarus, g:660, with per- 
mission of Academic Press, Inc. Copyright @ 1973 by Academic 
Press, Inc. All rights of reproduction in any form reserved. 
In the  l a s t  model, Model 111, we have an opaque cloud top,  above which 
t h e r e  i s  a  small amount of Rayleigh atmosphere: l e s s  than ~ $ 0 . 0 4  from the  
discussion above, a  s i t u a t i o n  s i m i l a r  t o  t h a t  which one might be expected t o  
obtain on Saturn.  (Recall t h a t  Saturn and Ti tan  have s imi l a r  po la r i za t ion  
curves.) I t  i s  a l so  i n t e r e s t i n g  t o  note  i n  t h i s  context t h a t  McCord, Johnson, 
and E l i a s  (1970), found t h a t  t h e  s p e c t r a l  r e f l ec t ance  curves of Saturn and 
Titan a re  almost i den t i ca l .  
Veverka (1973) concluded t h a t  both t h e  photometric and po la r ime t r i c  prop- 
e r t i e s  of  Titan can bes t  be explained i n  terms o f  a  Saturn- l ike  model (Model 111), 
i n  which t h e r e  i s  an opaque cloud deck over la in  by an o p t i c a l l y  t h i n  amount of 
Rayleigh atmosphere. The unusual red color  of  Titan would then be due t o  an 
absorber of blue and u l t r a v i o l e t  l i g h t  within t h e  cloud deck. This substance 
might well  be t h e  sarne.as t h a t  i n  t h e  clouds of Saturn.  
New po la r i za t ion  measurements o f  Titan i n  th ree  colors  (0.36, 0.52, and 
0.83 pm) were obtained by Zel lner  (1973) during the  1971-72 opposit ion (Fig- 
ure 2-20). They confirm and considerably improve upon the  e a r l i e r  white l i g h t  
measurements by Veverka (1970; 1973). Zel lner  concluded t h a t  h i s  observations 
"are not  cons is tent  with s c a t t e r i n g  from e i t h e r  an ordinary p lanetary  surface  
o r  a  pure molecular atmosphere. Apparently an opaque cloud l aye r  with a s t rong 
UV - absorbing cons t i tuent  i s  needed." 
Zel lner ' s  conclusions a re  i n  p a r t  based on model ca lcula t ions  using the  
Rayleigh-Chandrasekhar theory f o r  t h e  po la r i za t ion  produced by a  pure molecular 
atmosphere above a  (non-polarizing) Lambert sur face .  The observed po la r i za t ion  
and geometric albedos cannot be matched simultaneously by such models. 
Ze l lne r ' s  t h r e e  color  observations a re  unique i n  severa l  respects .  The 
0.52 pm measurements i nd ica t e  a  s teep  drop i n  the  po la r i za t ion  from 6' t o  4' 
phase, and t h e  0.36 pm measurements suggest small negative po la r i za t ions  near  
4' phase. Both c h a r a c t e r i s t i c s  a re  incons i s t en t  with Rayleigh s c a t t e r i n g  models. 
No cloud model ca l cu la t ions  have ye t  been ca r r i ed  out t o  match t h e  Titan 
po la r i za t ion  curves. But Coffeen and Hansen (1973) have analyzed Lyot's white 
l i g h t  measurements of t he  cen te r  o f  t he  disk of Saturn which resemble the  Titan 
data  ( c f .  Figure 2;18). Thus t h e  conclusions obtained f o r  Saturn can be extended 
t o  Titan (Figure 2-21). Cloud models having sphe r i ca l  p a r t i c l e s  with mean r a d i i  
of  2-3 pm s i z e  d i s t r ibu t ions  N(r) a r-2 with abrupt cut -of fs  a t  0.75 r o  and 1.25 
ro (where ro i s  the  mean p a r t i c l e  r ad ius ) ,  and indices  of r e f r ac t ion  n  = 1 .3  t o  
1.5 a t  0.55 pm match the  observations (Coffeen and Hansen, 1973). 
Summary and Conclusions 
The ava i l ab le  photometric and po la r ime t r i c  information about Ti tan  can 
be summarized as follows: 
(1) No changes i n  br ightness  o r  color  r e l a t e d  t o  o r b i t a l  pos i t i on  have 
been detec ted .  This i s  consibtent  with the  presence of an o p t i c a l l y  th i ck  
atmosphere ; 
SOLAR PHASE ANGLE 
Figure 2-20. Polar iza t ion observations of Titan. Open c i r c l e s  ind ica te  obser- 
vat ions  i n  u l t r a v i o l e t  l i g h t  (0.36 urn), f i l l e d  c i r c l e s  i n  the  
green (0.52 pm), and t r i a n g l e s  i n  the  near infrared (0.83 urn), 
a l l  made by Zellner i n  1970-71. Crosses represent white-light 
observations by Veverka (1970) made i n  1968-69. After Zellner 
(1973). Reprinted from Icarus ,  2 : 6 6 2 ,  <with permission of 
Academic Press,  Inc. Copyright @ 1973 by Academic Press ,  Inc. 







REFRACTIVE INDEX n 
(n' < 0.01) 
Figure 2-21. Locus of fits of Lyot's observations of the center of the disk 
of Saturn with Mie calculations for size distributions of spheres, 
for various multiple scattering dilution factors. After Coffeen 
and Hansen '(1973). Reprinted from Planets, Stars, and Nebulae 
Studied with Photopolarimetry, copyright @ 1974, with permission of 
University of Arizona Press. All rights reserved. 
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(2) A phase e f f e c t  has been detec ted .  The phase c o e f f i c i e n t s  decrease 
with increas ing  wavelength from 0.014 + 0.001 magldeg a t  0.35 pm t o  0.001 i 
0.001 a t  0.75 pm. The l a r g e  value of t h e  phase coe f f i c i en t  a t  0.35 pm, and 
i t s  wavelength dependence a r e  incons i s t en t  with an o p t i c a l l y  th i ck  Rayleigh 
atmosphere. The low values of t h e  phase c o e f f i c i e n t s  i n  t h e  red  a r e  d i f f i c u l t  
t o  expla in  with o p t i c a l l y  t h i n  models of t h e  atmosphere. Clouds a r e  required;  
(3) The mean opposit ion magnitude of T i t an  i n  t h e  V may have changed 
from 8.39 i n  1961 t o  8.35 by 1971, suggesting a poss ib l e  secu la r  brightening.  
(4) The geometric albedo i s  very low i n  the  UV. Typical values a re  
0.05 a t  0.26 pm and 0.06 a t  0.36 pm. This p laces  an upper l i m i t  of  T (0.36 pm) 
< 0.04 on t h e  o p t i c a l  depth of any Rayleigh atmosphere above the  clouds; 
- 
(5) Outside of t he  methane bands, t h e  geometric albedo may be a s  high 
as 0.37, beyond 0.6 pm; 
(6) No d i r e c t  information on the  phase i n t e g r a l  q e x i s t s .  Since Titan 
seems t o  have an o p t i c a l l y  th i ck  atmosphere, it i s  l i k e l y  t h a t  1 5 q 2 1.5; 
(7) Younkin (1973) es t imates  the  bolometric Bond albedo t o  be 0.27, 
using 4 = 1.3. Because of t h e  lack of information about q,  an uncer ta in ty  o f  
+lo% i n  the  Bond albedo i s  l i k e l y  (0.27 + 0.03); 
(8) Detailed narrow-band spectrophotometry shows t h a t  t he  spec t r a l  
r e f l ec t ance  curve o f  Ti tan  i s  very s i m i l a r  t o  t h a t  of  Saturn ' s  equa to r i a l  b e l t .  
This suggests  a Saturn- l ike  model f o r  t he  atmosphere of Ti tan ,  inc luding an 
opaque cloud deck. However, t h e  amount o f  Rayleigh atmosphere above the  cloud 
top  must be much smal ler  on Titan than on Saturn;  
(9) The sharp drop i n  T i t an ' s  spectrum below 0.6 pm ind ica t e s  a s t rong  
UV absorber i n  the  clouds. This mater ia l  may be the  same as  t h a t  responsible 
f o r  the  orange color  of t h e  b e l t s  o f  Saturn and Jup i t e r ;  
(10) Polar iza t ion  measurements o f  Titan are  incons i s t en t  with e i t h e r  an 
o p t i c a l l y  th i ck  Rayleigh atmosphere, o r  with an o p t i c a l l y  t h i n  atmosphere model 
i n  which a s i g n i f i c a n t  amount of l i g h t  i s  s c a t t e r e d  from a s o l i d  surface .  Opti- 
c a l l y  th i ck  clouds a re  required;  J 
& 
(11) T i t a n ' s  whi te- l ight  po la r i za t ion  curve i s  s i m i l a r  t o  t h a t  of t h e  
equa to r i a l  region of Saturn.  Cloud models with 2-3 ym sphe r i ca l  p a r t i c l e s  
having indices  of r e f r a c t i o n  between 1.3 t o  1.5 ( a t  0.55 pm), a r e  cons is tent  
with t h e  observations;  
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Sagan: Dollfus has repor ted  from v i sua l  observations t h a t  he sees  a changing 
pa t t e rn  on Ti tan  which i s  d i f f e r e n t  from what he sees on other  Jovian and 
Saturnian s a t e l l i t e s .  How does t h i s  t i e  i n  with the  constant  br ightness  and 
color  da ta  f o r  Ti tan  presented i n  Table 2-2. 
Veverka: I th ink t h a t  t h e  con t ra s t  of  t h e  changes has been exaggerated. From 
Lyotls  o r  Dollfus'drawings of Ti tan ,  you might expect br ightness  f luc tua t ions  
of many percent,  whereas, i n  f a c t ,  t o  about 1% you don' t  see  anything. 
Sagan: One o the r  conclusion from t h e  constancy of t h e  brightness of Ti tan ,  which 
I th lnk i s  important, i s  t h a t  it s e t s  some l i m i t  on the  exis tence  of breaks i n  
the  clouds, i f  you bel ieve  t h e r e  a r e  clouds. The question of breaks i n  t h e  clouds 
is,  of course, a c r i t i c a l  question f o r  imaging observations of  Titan.  
Veverka: You probably don ' t  have any very l a rge  breaks, but you can have a l o t  
of l i t t l e  ones .... 
Sagan: .... which when time averaged always represent  t h e  same f rac t ion?  
Veverka: Yes. 
Danielson: With regard t o  model in t e rp re ta t ions  of t h e  phase coe f f i c i en t  var ia-  
t i o n  presented i n  Figure 2-16, would t h e  observed coe f f i c i en t s  be consis tent  
with a snow-covered surface? 
VqYerka: I t  i s  d i f f i c u l t  t o  expla in  t h e  low values of  the  phase coe f f i c i en t  
beyond 0.6 pm i n  t h i s  way, unless  t h e  surface  has a normal r e f l ec tance  of about 
0.6 a t  t hese  wavelengths. Also t h e  snow would have t o  change i t s  re f l ec tance  
r ap id ly  with wavelength, being considerably darker  a t  shor t e r  wavelengths. Even 
then it would be d i f f i c u l t  t o  understand t h e  absence of a negative branch i n  
the  po la r i za t ion  measurements a t  0.5 pm, s ince  t h e  geometric albedo t h e r e  i s  
only about 0.21. 
Morrison: Younkinls value of  0.27 f o r  t h e  radiometric Bond albedo i s  substan- 
t i a l l y  l a r g e r  than t h e  value normally used i n  t h e  pas t .  Is t h e r e  some obvious 
reason why t h e  old values a r e  wrong? 
Veverka: One reason i s  t h a t  according t o  Younkin t h e  geometric albedo of  Titan 
i n  t h e  near in f ra red  i s  higher than formerly believed.  Also, u n r e a l i s t i c  values 
of t h e  phase in t eg ra l s  have been assumed i n  t h e  pas t .  
Trafton: We have made independen? measurements of  t h e  geometric albedo of Ti tan  
i n  t h e  red and our values agree with those of Younkin. 
Hunten: You quoted a value of 1 .3  f o r  t h e  e f f e c t i v e  phase in t eg ra l  used by 
Younkin i n  h i s  computation of bolometric Bond albedo. Where does t h i s  value 
come from? 
Veverka: I t  i s  the  value t h a t  people tend t o  use f o r  t he  ou te r  p l ane t s  and is 
a reasonable value f o r  a cloud-covered p l ane t .  Of course, we don' t  know what 
t he  ac tua l  value is. 
Morrison: I  a l so  have a question about Figure 2-17. I f  you allow f o r  the  f a c t  
t h a t  t h e  two curves a re  normalized together  and remove a l l  t h e  gaseous absorption 
i n  the  atmosphere, would you be l e f t  with much o f  an argument t h a t  t h e  two curves 
a re  s imi l a r ,  except t h a t  t hey ' r e  both red? 
Veverka: McCord e t  a l .  s ay  s p e c i f i c a l l y  t h a t  what they a t t ach  grea t  importance 
t o  i s  the  f a c t  t h a t ,  outs ide  the  methane bands, t he  spec t r a  a re  s imi l a r .  
Morrison: 10 is  red  a lso ,  ye t  t h e r e  i s  no reason t o  think t h e  surface  of 10 i s  
s i m i l a r  t o  t h a t  of Saturn,  although perhaps it i s .  
Veverka: I f  you remove a l l  t h e  methane bands, a l l  you a re  saying i s  Titan i s  
as red  as  t h e  equator ia l  b e l t  of  Saturn,  and so  i s  Io and so  are  the  r ings .  
That ' s  probably a v a l i d  argument. The s t rong  absorber of UV l i g h t  may be the  
same i n  a l l  cases. I t  may occur i n  t h e  cloud p a r t i c l e s  on Titan and Saturn,  
and i n  the  surface  l aye r  on 10 and t h e  r ing  p a r t i c l e s .  
Sagan: Your po la r i za t ion  measurements of  Ti tan  i n  white l i g h t  show no evidence 
of a negative branch a t  small phase angles. Yet Zel lner ' s  u l t r a v i o l e t  da t a  do, 
a t  l e a s t  marginally, i nd ica t e  the  presence of a negative branch. Can you explain 
t h i s  d i f ference?  
Veverka: That is  a perplexing po in t .  I f  you are  saying t h a t  the  reason you see  
some negat ive  po la r i za t ion  a t  0.36 pm i s  because you are  looking a t  a  surface,  
you would expect t o  see-more of the  surface  a t  0.8 pm than a t  0.36 pm. I  think 
i f  t h e r e  i s  a negative branch a t  0.36 pm, it i s  t e l l i n g  you something about t he  
clouds. 
Danielson: What does dust i n  the  atmosphere do? What kind o f  po la r i za t ion  does 
t h a t  cause? 
Veverka: I  don' t  know the  answer t o  t h a t  question,  I t  i s  very hard f o r  me t o  
guess. A l l  I  can say  d e f i n i t e l y  i s  t h a t  a pure Rayleigh atmosphere won't do. 
You need some large  s c a t t e r e r s .  But what t h e  p rope r t i e s  of t he  s c a t t e r e r s  
should be, I  can only guess. Judging from Coffeen and Hansen's ana lys i s  of  
Lyot's Saturn measurements, which are  s i m i l a r  t o  t h e  Titan data  you could ex- 
p l a in  the  Titan observations with a cloud o f  spher ica l  p a r t i c l e s  with indices  
of r e f r ac t ion  between 1.3 and 1.5 ( a t  0.55 ym) and mean p a r t i c l e  s i z e s  of t h e  
order  o f  two t o  th ree  microns. 
Morrison: Although t h e  s p e c t r a l  r e f l ec t ance  curves of Ti tan  and Saturn a r e  
very s imi l a r  t he re  a r e  d i f ferences  i n  t h e  absolute  values of t h e  albedos. 
Veverka: Yes, and it i s  important t o  e s t a b l i s h  accura te ly  what these  d i f f e rences  
a re .  I t  is  hard t o  measure t h e  geometric albedo of Saturn minus i t s  Rings. 
Caldwell: Such d i f ferences  could be due t o  d i f ferences  i n  t h e  clouds o r  pos- 
s i b l y  i n  t h e  amounts of  atmosphere above t h e  clouds. How hard i s  it t o  make 
an u l t r a v i o l e t  po la r i za t ion  observation of Ti tan?  The s igna l  must be very low. 
Veverka: Zel lner  i s  p re sen t ly  measuring r ed  po la r i za t ion  values t o  something 
l i k e  p lus  o r  minus 0.05%, whereas the  u l t r a v i o l e t  values a r e  hard t o  measure 
t o  b e t t e r  than 0.1%. 
Pos t sc r ip t ,  December 4, 1973: Hunten's suggestion (p. 5) t h a t  t h e  su r face  of 
Ti tan  i s  being continuously paved by photochemical ' a spha l t r  f a l l i n g  out  o f  
t h e  atmosphere, provides the  bes t  means of reconci l ing  t h e  photometric and 
po la r ime t r i c  observations with an o p t i c a l l y  t h i n  Ti tan  atmosphere. This photo- 
chemical ' a spha l t1  would be produced copiously by the  ac t ion  of u l t r a v i o l e t  
l i g h t  on t h e  hydrogen-methane atmosphere i n  t h e  manner discussed by S t robe l ,  and 
can probably be i d e n t i f i e d  with t h e  reddish  mater ia l  responsib le  f o r  t h e  colora- 
t i o n  of Titan.  
I f  t h e  production o f  such substance i s  e f f i c i e n t  and planetwide t h e  surface  
of Ti tan  may well  be covered with a f a i r l y  th i ck ,  smooth and uniform l aye r  of  
t h i s  mater ia l .  Then the re  would be no albedo markings on Ti tan ,  which would 
explain why T i t an  shows no br ightness  f luc tua t ions  a s  it revolves about Saturn.  
Second, t h i s  type of surface  could be q u i t e  smooth o p t i c a l l y ,  making t h e  
absence of a negat ive  branch i n  the  po la r i za t ion  curve understandable. F inal ly ,  
it i s  l i k e l y  t h a t  such a su r face  could match t h e  phase c o e f f i c i e n t s  observed 
f o r  T i t an .  
Thus Hunten's suggestion makes it poss ib l e  t o  have an o p t i c a l l y  t h i n  
atmosphere, but only a t  t he  expense of having t h e  surface  cont inual ly  paved 
by photochemical ' a spha l t ' .  Note t h a t  t h i s  r equ i r e s  a modification of Danielson's 
model, because now the  reddish aerosol  must no t  only occur i n  t h e  atmosphere, 
as  pos tu la ted  by Danielson, but  must a l s o  copiously cover the  surface .  
